The membrane potential in the dark and the saturated response height of the ventral nerve photoreceptor of Lim ulus was measured by an intracellular electrode while the external concentra tion of calcium, magnesium and sodium ions was varied.
Introduction
The receptor potential of the arthropod visual cell is caused by a transient light-induced conductance increase of the photosensory membrane. One can assume an underlying mechanism in which light causes a temporary opening of ion channels ( " light channels" ), in the photosensory membrane, whereas permanently open " dark channels" are responsible for the steady membrane potential in the dark (sum mary of ref. [ 1 ] ) .
The effect of lowering the external calcium, magnesium and sodium concentration on arthropod photoreceptors has been studied by several authors:
Reduction of [Ca2+] ex* to concentrations ^1 0~5 mol/1 (in the presence of M g2+) generally causes no substantial decrease in the membrane potential in the dark but a significant increase in the amplitude of the light response [2 -8 ] . The light-induced membrane current becomes larger, the reversal voltage of the light-induced current is not changed [2, 6, 9 ] .
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*
Extracellular calcium concentration; from now on sym bol f ] ex is used to denote extracellular ion concentrations.
Omitting the magnesium alone from the bathing solution of Limulus ventral nerve photoreceptor caused a 10% increase of the light response both for receptor potential and the light-induced membrane current, without affecting the membrane potential in the dark or the reversal potential of the lightinduced membrane current [9, 10] . The light re sponse of the hermit crab and Limulus is abolished when calcium and magnesium are effectively re moved by E D TA [7, 11 -13] .
Brown and Blinks [10] also observed, in Limulus ventral nerve photoreceptor, that in the absence of calcium and magnesium in the presence of 5 mmol/1 EGTA, within 1 -2 min the membrane voltage be comes positive in the dark and approaches (and sometimes becomes more positive than) the reversal voltage for the electrical response to light. With the cell in this condition, they found still a large lightinduced change in membrane conductance as mea sured with a voltage clamp.
Lowering the external sodium concentration is re ported on the one hand, not to influence the mem brane potential in the dark [2, 5, 6] on the other, to decrease it somewhat [1 4 ] . The light response becomes somewhat smaller [3, 7, 15] , and the re versal potential of the light-induced current is re ported to be somewhat decreased [2, 6, 9 ] .
Based on experiments with retinular cells of
Limulus (lateral eye) and Astacus [12, 13, 16] we proposed a hypothesis that the amount of calcium bound to the external surface of the photosensory membrane determines whether the light channels are open or closed. Lowering the external concentration of calcium ions decreases the membrane dark poten tial and the maximal response height of the receptor potential; it increases the membrane dark con ductance and makes the light-induced conductance increase smaller. The effect of lowering the external calcium concentration can be counteracted by ad ditionally reducing the external sodium concentra tion [1 3 ] . This antagonistic action suggests a cal cium/sodium competition for binding sites at the photosensory membrane.
An antagonism of calcium and sodium in arthro pod photoreceptors has been observed also by other authors: Brown et al. [2 ] report a Ca/Na antagonism in the suppression of the light-induced permeability increase of the Balanus photoreceptor, which they interpret as a binding competition of Ca and Na for a presumptive Na-carrier or carrier site com plex ; a model with many similarities to ours. Brown and Ottoson [1 7 ] also report a competition between Ca2+ and K + ions in the conductivity control of the photosensoric membrane of Balanus.
A different type of sodium/calcium interaction is reported by Lisman and Brown [4 ] . Intracellular sodium injection causes a progressive transient diminution of the sensitivity of Limulus ventral nerve photoreceptor which depends on the extracellu lar calcium ion concentration: the higher [Ca2+] ex? the higher the desensitization. When [Ca2+] ex was 0.1 mmol/1, iontophoretic Na+-injection caused negligible progressive decrease in the size of the light response. However, the desensitizing action of intracellular injection of Ca2+ still leads to the di minution of the light response in 0.1 mmol/1
Using a wider range of calcium and magnesium concentrations than in our former experiments we investigated further the antagonistic action of cal cium and sodium on conductance control in the ventral nerve photoreceptor of Limulus.
E xperim ental P ro c e d u re
Test salines with different calcium, sodium and magnesium concentrations were used. The mem brane potential and receptor potential of the ventral nerve photoreceptor of Lim ulus were measured intracellularly while the experimental chamber con taining the ventral nerve was continuously perfused with salines of various calcium and sodium concen trations. The flow rate of the solution was 1 ml/min. When the perfusion of the chamber was switched to another saline, the half time of the exchange at the preparation was ca. 1 min. Throughout the experi ment the ventral nerve was stimulated every 60 s by a 20 ms flash of response-saturating intensity. Each experiment consisted of five periods as shown in The values of the membrane potential and the saturated response height do not differ much be tween lines 2 and 3 despite the fact that the [Ca2+] ex is changed by a factor of 50, from 5 x 1 0 5 to 10 6 mol/1. Obviously at this low calcium concentration the effect of magnesium is dominating and stabilizes the membrane potential and response height at the values given. Going to a lower magnesium concen tration (5 X 10-5 mol/1, line 4) consequently results in great changes of membrane potential and response height.
The stabilizing effect of external magnesium at low calcium concentrations was tested in a separate set of experiments (Table I I ) . Table II, Table I . Line 2 : averages of P M P and hmax o f a^periods (physiological saline as in Table I ) . Strong affinity for calcium in the dark, channel closed. (2) Photon absorption causes transient affinity change, raising the relative affinity for sodium; calcium and sodium compete for binding sites. (3) Under normal conditions the extra cellular sodium concentration is much higher than that of calcium, so that sodium is bound, and the chan nel opens. (4) The affinity changes bade spontane ously in favour of calcium ; under normal conditions calcium is bound and the channel closes again (1) (from ref.
[2 2 ]).
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Discussion
The observed facts are consistent with the hypoth esis that calcium and sodium ions compete for negatively charged binding sites at the photosensory cell membrane. The binding sites control the mem brane conductance and especially the activation of the light channels: the less calcium and consequent ly, the more sodium, is bound, the more light chan nels are (permanently) open already in the dark. Voltage clamp experiments which were performed under similar conditions [18] confirm this hypoth esis:
The same test salines as in the group of experi ments listed in Table I, Lowering the divalent cation concentration shifts the following three potentials to nearly the same voltage as the maximum of the receptor potential: a) the membrane potential in the dark (its sign is reversed), b) the reversal potential of the mem brane dark current, c) the reversal potential of the total membrane light current. These observations are in accord with an increase of the membrane conductivity of the same ion selectivity as that of the light channels; they contradict an unspecific leakiness of the photosensory membrane.
Because of the reduced divalent ion concentration the dark membrane conductance is strongly in creased while the light-induced conductance in crease is greatly diminished. This favours the as sumption that actually the light channels are opened by Ca2+-depletion, over the alternative that an ad ditional channel type is created, parallel to the light channels with the same ion selectivity.
The fact that magnesium ions have a weaker ef fect than calcium ions leads to the conclusion that calcium exerts its influence by binding to the cell membrane rather than by screening.
The effect of external calcium and sodium con centration on the activation of light channels can be explained in two possible ways:
(a ) Permanent fixation of a certain adjusted amount of calcium to the membrane surface is a necessary pre-requisite for the function (opening and closing) of the light channels. The amount of fixed calcium depends on the external calcium, magnesium, sodium and, ac cording to Brown and Ottoson also potassium concentration. When too few sites are occupied by calcium (and the majority by sodium) the light channels should be open even in the dark.
(b ) A transient release of calcium, which has been bound to the external membrane surface and which can be replaced by sodium ions, is a causal step for the activation of the light chan nels. For instance binding of calcium could cause the light channels to close, whereas a replacement of the bound calcium by binding of sodium could cause opening. A hypothetical scheme of such a sodium-calcium binding com petition at the photosensory membrane is shown in Fig. 2 . The light stimulus could cause a transient affinity change of the negative binding sites, reducing transiently the prefer ence for calcium over sodium ions.
This second possibility of our model has (except for the antagonistic action of sodium) several features in common with the model proposed by Weeks and Duncan [1 9 ] .
Our results are in good agreement with the find ings of Brown et al. [2 ] in the barnacle photo receptor. Aside from the striking similarities be tween our two models there is a main difference: Our assumption, that light channels are opened in the dark by lowering the external concentration of the divalent ions. This, however, is derived from observations in much lower divalent ions concen trations than those used by them.
